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INTRODUCTION 

An  electrical  power  system  is  composed  of  various  power  distrib- 
uting elements  and  loads.  The  properties  of  these  elements  are  generally 
specified  by  the  manufacturer  for  60  Hz,  using  such  standard  measure- 
ments as  open-circuit  and  short-circuit  tests.  Thus,  if  the  power 
elements  were  in  operation,  to  test  them  would  be  impossible  without 
affecting  the  loads  on  the  system  because  the  loads  must  be  disconnected 
before  open-  or  short-circuit  tests  can  be  performed.  For  power  elements 
found  extensively  in  power  distribution  systems  at  Naval  facilities,  it 
would  be  advantageous  to  perform  tests  and  measurements  while  the  elements 
were  in  operation. 

This  report  introduces  a new  technique  to  circumvent  the  current 
problems  of  performing  tests  on  these  elements.  The  new  measurement 
technique  provides  the  characteristic  immittances,  the  impedances  or 
admittances,  of  the  power  element  for  high  frequencies  (in  the  range 
from  1 kHz  to  100  kHz),  measured  with  artificial  short  and  open  circuits. 
These  measurements  can  then  be  extrapolated  down  to  60  Hz  to  provide  the 
operating  characteristics  of  the  power  element.  Perhaps  the  most  signif- 
icant facet  of  this  new  measurement  technique,  however,  is  that  the 
element  can  be  tested  on-line  in  normal  operation  at  60  Hz.  This  provides 
the  advantage  of  running  tests  without  taking  equipment  or  loads  off- 
line and  thereby  minimizes  equipment  down  time  for  periodic  maintenance. 

In  addition,  measurements  are  achieved  through  electromagnetic  coupling 
to  minimize  the  effect  of  measuring  equipment  on  the  operation  of  loads. 

This  report,  being  the  first  on  this  topic,  covers  the  theory  and 
implementation  of  the  measurement  technique.  Various  theorized  configura- 
tions are  presented,  as  well  as  the  problems  and  shortcomings  of  each. 

The  final  implementation  of  the  method  is  presented  in  measurements 
carried  out  on  a two-port  network  (a  transformer) . 
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CHARACTERIZATION  OF  POWER  ELEMENTS 

A power  element  is  said  to  be  characterized  if  its  response  to  any 
given  excitation  can  be  predicted.  If  the  element  is  linear,  then  its 
characteristics  are  described  by  the  matrix  equation: 

[V]  = [Z] [I]  (1) 

or 

[I]  = [Y][V]  (2) 

where  [Z]  is  the  impedance  matrix  and  [Y]  is  the  admittance  matrix.  The 
general  expression  for  the  elements  in  the  impedance  matrix  is: 

(3) 

Tk  = 0 
all  k 

k * j 

The  expression  for  the  elements  in  the  admittance  matrix  is: 

(4) 

Vk  = 0 
all  k 

k * j 


The  impedances  Z„  are  measured  with  various  currents  set  to  zero,  which 
implies  open  circuits.  Thus  the  z-parameters  are  referred  to  as  the 
open  circuit  parameters.  The  admittances  Y..,  on  the  other  hand,  are 
measured  with  various  voltages  set  to  zero,  which  implies  short  circuits, 
and  are  called  the  short-circuit  parameters.  Then,  by  performing  open- 
and  short-circuit  tests,  we  can  determine  either  the  impedance  or  admit- 
tance parameters  of  the  power  element.  Both  the  impedance  and  admittance 
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are 

not  required. 

however,  to 

characterize  the  power  element  because. 

if 

one 

is  known,  the 

other  can  be 

calculated.  Since 

[V] 

= [Z] [I] 

and 

[1] 

= [Y] [V] 

then 

[VI 

= [Z] [Y] [V] 

Thus 

, the  product 

[ Z ) [ Y 1 must 

give  the  identity  matrix,  or  that 

[Z] 

= [y  r1 

(6) 

[Y] 

= [zf1 

(b) 

If  either  [Z]  or  [Y]  can  be  determined,  then  the  element's  response  for 
any  known  excitation  can  be  calculated. 

For  a linear  element,  the  superposition  theorem  states  that  the 
total  response  to  a number  of  sources  is  equal  to  the  sum  of  the  responses 
of  each  source.  If  the  element  is  excited  by  a 60-Hz  signal  and  a high 
frequency  signal  then 

'V 

response 
to  high 
f requency 
only 

^'^*61)  Hz'  + ’lJ 

response  to  response 

60  Hz  only  to  high 

f requency 

only 


[V] 

total 

response 


'V60  Hz  ^ + 

response 

to  60  Hz 

on  ly 
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since  (V^]  = [Z][I  ];  the  element  can  be  characterized  (that  is,  the  im- 
pedance can  be  determined)  by  measurement  of  the  high  frequency  signal 
only.  A similar  derivation  can  be  used  to  show  that  [1(  ] = [ Y ] [ V ^ ];  again 
only  high  frequency  measurements  are  required  to  define  the  admittances. 
Thus,  if  open  or  short  circuits  can  be  simulated  for  high  frequency 
signals,  and  the  high  frequency  voltage  and  current  measured,  then  the 
z-  or  y-parameters  can  be  measured  with  no  effect  on  the  60-Hz  AC  power. 


ARTIFICIAL  SHORT  AND  OPEN  CIRCUITS 


A technique  for  producing  an  artificial  short  or  open  circuit  (that 
is,  one  that  appears  like  a short  or  open  circuit  to  a high  frequency 
signal  but  one  that  has  no  effect  on  the  60-Hz  AC  power)  is  introduced. 

The  circuit  used  to  produce  an  artificial  open  circuit  is  shown  in 
Figure  1 for  a two-port  network.  The  method,  however,  can  be  generalized 
for  three  or  more  port  networks.  The  high  frequency  signals  are  injected 
simultaneously  into  both  ports.  The  phase  and  amplitudes  are  carefully 
adjusted  to  obtain  a minimum  in  the  reading  for  the  high  frequency 
component  of  I.-,,  I),  (subscript  h is  to  designate  high  frequency  com- 
ponents). With  Ij.^  approximately  zero,  we  have  an  open  circuit  in  the 
secondary  for  the  high  frequency  but  not  for  the  60  Hz  as  the  60  Hz 
component  of  I7  is  not  affected.  Now  measurements  of  the  high  frequency 
signals  of  V , V , and  1 tl  will  provide  the  values  for  Z and  Z9  , as 


Jn 


(8) 


'21 


= 0 


(9) 
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In  a similar  fashion  obtaining  a minimum  in  the  high  frequency  component 
of  1^  will  provide  the  values  of  and  Z^. 

Alternate  proposals  for  producing  an  artificial  open  circuit  are 
shown  in  Figure  2.  A variable  capacitor  can  be  connected  across  the 
transformer  terminals,  as  shown  in  Figure  2a,  to  form  a tank  circuit 
which  is  resonant  at  a particular  high  frequency.  At  resonance  the  tank 
circuit  would  appear  like  an  open  circuit.  The  capacitance  can  be 
adjusted  to  provide  resonance  (and  thereby  open  circuits)  at  various 
high  frequencies  with  no  effect  on  the  60  Hz  power  signal. 

The  circuit  in  Figure  2b  operates  on  the  same  principle  as  the  one 
in  2a.  A clamp-on  device  with  a shunt  capacitance  provides  the  resonant 
circuit.  Designed  for  resonance  at  high  frequencies,  the  circuit  presents 
a large  impedance  providing  the  artificial  open  circuit.  The  variable 
capacitance  as  before  provides  the  capability  of  achieving  open  circuits 
at  various  high  frequencies. 

The  circuit  for  producing  an  artificial  short  circuit  is  illustrated 

in  Figure  3.  The  high  frequency  signals  are  again  injected  into  both 

ports.  The  phase  and  amplitudes  of  the  high  frequency  signals  are 

adjusted  to  obtain  a minimum  in  I . As  I approaches  zero,  V, 

nL<2  0^2 

approaches  zero;  that  is,  the  secondary  port  appears  like  a short  circuit 
for  the  high  frequency  signal.  Measurement  of  , 1^  , and  1^  will 


give  the  values  of  and  Y^  as 
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00) 


V,  = 0 

h2 


21 


(ID 


h2  = 0 


The  procedure  can  be  repeated  to  obtain  a minimum  in  I , and  the 
values  of  Y^  and  Y.)7  can  be  determined  in  a similar  manner. 

Thus,  it  is  possible  to  determine  the  immittance  (impedance  or 
admittance)  of  a power  element  through  measurement  of  high  frequency 
signals  without  affecting  the  60-Hz  signal. 


ELECTROMAGNETIC  COUPLING  TECHNIQUES 

To  minimize  the  effects  ot  the  measuring  equipment  on  the  load,  and 
to  minimize  the  number  of  connections  to  the  power  system,  the  measure- 
ment of  all  currents  will  be  accomplished  through  electromagnetic  cou- 
pling. An  example  of  the  electromagnetic  coupling  method  is  illustrated 
in  Figure  4.  Through  electromagnetic  induction,  the  amplitude  of  the 
detected  voltage  will  be  dependent  on  the  magnitude  of  1^.  Thus,  by 
accurately  calibrating  the  transfer  function  of  the  ferromagnetic  core 
Y,j,(u)),  we  can  determine  the  current  flow  from  measurements  of  frequency 
and  voltage  V . 

Two  methods  are  proposed  for  measuring  the  voltage.  One  method  is 
to  use  measurement  of  the  amplitude  of  the  injected  high  frequency 
signal  to  determine  the  voltage.  The  second  method  utilizes  shunt 
reactances  and  electromagnetic  coupling  to  calculate  the  voltage.  These 
methods  will  be  discussed  in  more  detail  in  the  "Instrumentation"  section 
under  the  topic  "Voltage  Measurement."  In  most  of  these  measurements, 
direct  electrical  connections  to  the  power  system  have  been  eliminated 
because  we  need  only  measure  the  small  high  frequency  signals  and  not 
the  much  larger  60-Hz  signals.  Thus,  these  methods  provide  greater 
safety  to  operating  personnel  as  well  as  minimize  effects  of  the  measuring 
devices  on  the  power  system  or  loads. 

The  same  configuration  (Figure  4)  can  be  also  used  to  induce  or 
inject  a high  frequency  signal  into  the  power  system.  With  a high 
frequency  source  connected  across  the  terminals,  a high  frequency 
signal  will  be  induced  in  the  power  system. 
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Two  major  problems  were  encountered  in  the  attempts  to  use  electro- 
magnetic coupling  to  perform  measurements.  One  was  the  ferromagnetic- 
cores,  which  tended  to  saturate  due  to  high  currents  found  in  the  normal 
operation  of  power  elements  and  resulted  in  nonlinear  characteristics. 

The  other  significant  problem  was  filtering  out  the  60  Hz  and  its  harmon- 
ics, so  that  the  high  frequency  signals  could  be  measured. 

To  prevent  the  core  from  saturating,  a series  LC  circuit  was  con- 
nected across  the  ferromagnetic  core.  The  LC  circuit  was  resonant  at 
60  Hz;  it  was  theorized  that  the  low  impedance  at  resonance  would  shunt 
the  60-Hz  current  and  thus  prevent  the  core  from  saturating.  At  the 
same  time,  the  LC  circuit  would  present  a large  impedance  to  the  high 
frequency  signal,  making  detection  and  measurement  easier.  However, 
difficulty  in  obtaining  resonance  at  precisely  60  Hz  proved  this  scheme 
unsatisfactory.  Also,  the  large  capacitance  required  and  the  harmonics 
introduced  in  the  system  made  this  method  impractical. 

Finally,  inductances  were  used  in  parallel  with  the  cores  to  prevent 

them  from  saturating.  The  effect  of  these  shunt  inductances  can  be  seen 

in  Figure  5.  The  inductance  value  used  in  the  detector  circuit  was 

picked  to  give  a linear  relationship  between  current  I and  detected 

voltage  V . Thus  for  anv  given  frequency,  the  ratio  of  V and  I would 
o - o 

be  a constant  value. 

To  minimize  the  effect  of  the  60-Hz  signal,  an  L section  filter  was 
added,  which  significantly  attenuated  the  60-Hz  signal,  thereby  allowing 
measurement  of  the  high  frequency  signal. 


INSTRUMENTATION 
Current  Measurements 

The  equivalent  circuit  of  the  detector  circuit  given  in  Figure  6 

indicates  the  shunt  inductance  L.  and  L-section  filter  made  up  of  C and 

L„.  The  detected  voltage  V is: 
l o 
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where  I, 


N /N2  (turns  ratio) 
jujI.j 

-j/wC 


Substituting  these  identities,  the  magnitude  of  V is: 


h I ^ LiL2 

a W - h 


For  a particular  frequency,  the  larger  the  magnitude  of  1^,  the  larger 

will  be  the  magnitude  of  V . Then  if  the  transformer  core  is  not  driven 

into  saturation,  the  transfer  function  I./V  is: 

1 o 


2,  . 

L11j2 


and  presents  the  restriction  that  we  cannot  operate  at  w = 1 !<Jc  (L^+L., ) . 

By  accurately  measuring  the  value  of  the  transfer  function  I,/V  , we 

1 o 

can  determine  the  magnitude  of  currents  from  measurements  of  V and 

o 

frequency.  The  result  of  calibrating  the  detector  circuit  is  given  in 

the  graph  of  Figure  7.  Illustrated  are  the  |l,/V  i transfer  function 

1 o 

for  two  different  values  of  capacitance.  Both  circuits  produced  accept- 
able results;  however,  since  the  filter  circuit  severely  attenuates 
signals  below  f = 1/  ( 271^1,  j+I^lC) , the  circuit  with  the  larger  capacitance 
proved  to  he  superior  in  providing  results  that  could  be  more  accurately 
extrapolated  to  obtain  the  parameters  at  60  Hz. 
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Voltage  Measurements 


The  method  of  measuring  voltage  using  shunt  capacitances  and  electro- 
magnetic coupling  is  illustrated  in  Figure  8.  Knowing  the  current, 
capacitance,  and  frequency  of  the  high  frequency  signal,  the  voltage  can 
be  calculated  from  the  expression: 


V 


I 

2ufC 


(13) 


This  method,  employed  in  the  experiments  at  CEL,  provided  satisfactory, 
duplicatable  data;  however,  it  required  careful  application  in  the 
measurement  of  z-parameters  when  an  artificial  open  circuit  was  needed. 

The  other  proposed  voltage  measurement  method  was  developed  for 
open-circuit  testing  only.  The  schematic  diagram  for  the  secondary 
terminals  is  given  in  Figure  9a.  Considering  only  the  high  frequency 
signals,  the  Kirchhoff's  Voltage  Law  equation  is: 


V 


ind 


I0Z 
2 ef f 


(14) 


is  the  impedance  of  the  capacitor  and  load.  With  the  high  frequency 

current  nulled  to  zero,  there  is  an  artificial  open  circuit  and  V.  , = V,. 

ind  2 

A comparable  circuit  is  shown  in  Figure  9b.  By  determining  the  transfer 
curve  Ay  = V.^/V^.  of  the  injection  circuit  for  the  high  frequency 
range,  we  can  theoretically  determine  the  value  of  V?  in  the  open  circuit 
tests,  as: 


V,,  = V.  A (1 

2 mj  V 

Some  serious  problems,  however,  arose  in  this  voltage  measurement 

technique.  The  value  of  Ay  was  on  the  order  of  10  requiring  verv 

accurate  measurements  of  V.  . to  obtain  reliable  values  of  V.  and  V,,. 

inj  ind  2 

Also,  tlie  value  of  V.,,  the  open-circuit  voltage,  could  be  affected  by 


r 


i 


•'! 


the  voltage  Injected  in  t hi  pr  ini.u  ide.  This  occurred  with  no  discern- 
ible change  in  V.  . of  tin  second. irv . The  error  introduced  by  noise  and 
Lnj  J 

harmonics  significantly  affected  the  measurements  (so  much  so  that  this 
technique  was  considered  unreliable). 

The  failure  of  the  foregoing  method  for  voltage  measurement  necessi- 
tated a modification  of  the  circuit  configuration  for  (open  circuit 
tests)  measuring  ^-parameters.  These  changes  will  be  discussed  in  the 
section  MEASUREMENT  ON  A TWO-PORT  NETWORK. 

Detector  Circuit 

The  actual  detector  circuit  used  in  the  electromagnetic  coupling 
measurements  is  shown  in  Figure  10.  It  consists  of  (i)  Hewlett-Packard 
wave  analyzer  model  3581A;  (2)  Weston  transformer  coil  model  327; 

(3)  shunt  inductances  and  filter  circuit,  and  (4)  a capacitor  used  for 
voltage  measurements.  The  most  important  component  in  the  detector 
circuit  is  item  (1) . It  provides  the  high  selectivity  and  accuracy 
required  in  the  measurement  of  the  injected  high  frequency  voltages  and 
currents.  The  wave  analyzer  is  tunable  to  a particular  frequency  and 
will  measure  the  amplitude  of  that  particular  frequency  using  a bandwidth 
as  narrow  as  3 Hz.  Thus  it  filters  out  much  of  the  noise,  60-Hz  signal, 
and  harmonics  present  on  the  system,  providing  accurate  measurements  on 
the  injected  high  frequency  signals.  In  addition,  it  is  capable  of 
accurately  measuring  amplitudes  smaller  than  0.1  microvolt,  and  provides 
a digital  readout  of  the  frequency  and  an  analog  indication  of  the 
amplitude.  These  features  are  essential  to  the  successful  characteriza- 
tion of  the  power  element  by  electromagnetic  coupling  and  high  frequency 
injection  techniques. 

Injection  Circuit 

The  circuitry  for  injecting  the  high  frequency  signal  into  the 
power  element  is  shown  in  Figure  11.  The  circuitry  consists  of; 
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(1)  Hewlett-Packard  Audio  Oscillator  Model  201C  (no.  2, 


Figure  11) 


(2)  Phase-shift  network  (no.  3,  Figure  11) 

(3)  McIntosh  MC2100  solid  state  stereo  dual  power  ampli- 
fiers (no.  4,  Figure  11) 

(4)  Weston  current  transformers  model  327  (no.  1 and  5, 

Figure  11) 

(5)  Filter  circuits  and  shunt  inductances  (no.  6 and  7, 

Figure  11) 

The  McIntosh  solid  state  stereo  power  amplifier  is  an  important  part  of 

the  high  frequency  injection  circuitry.  Its  two  independent  channels, 

with  associated  gain  controls,  provide  the  capability  of  simultaneously 

injecting  high  frequency  signals  of  different  amplitudes  and  phase  into 

the  primary  and  secondary  sides  of  the  transformer.  The  phase  shift 

network,  shown  schematically  in  Figure  12a,  provides  a means  of  changing 

the  phase  of  the  high  frequency  signal.  As  the  potentiometer  is  adjusted, 

the  angular  displacement  between  V and  V ^ is  changed  without  affecting 

the  magnitude  of  V . The  phasor  diagram  in  Figure  12b  illustrates  the 

phase  relationship  between  V.  and  V as  the  value  of  the  resistance  is 

l n o 

changed.  The  controls  afforded  by  t he  stereo  power  amplifier  and  phase- 
shift  network  are  essential  to  obtaining  the  artificial  open  and  short 
circuits  required  in  determining  the  operating  parameters  of  the  power 
element . 

In  measuring  the  parameters  of  the  transformer,  a single  audio 
oscillator  is  used  to  generate  the  high  frequency  signals,  which  insures 
that  both  signals  injected  into  the  power  system  have  precisely  the  same 
frequency.  The  audio  oscillator  output  is  fed  into  one  channel  of  the 
power  amplifier  and  also  into  t ho  phase-shift  network.  The  signal  from 
the  phase “shift  network  is  then  fed  into  the  other  channel  of  the  power 
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amplifier.  The  output  of  the  stereo  power  amplifier  is  two  signals  of 
the  same  frequency,  but  with  different  amplitudes  and  phase,  which  are 
then  injected  into  the  primary  and  secondary  of  the  transformer. 

The  instrumentation  for  measuring  the  parameters  of  the  two-port 
network  is  shown  in  Figure  13. 


MEASUREMENT  ON  A TWO-PORT  NETWORK 
z-Parameters 

The  initial  attempt  at  using  the  electromagnetic  coupling  measure- 
ment techniques  was  carried  out  on  a two-port  network.  This  was  a 
Standard  Transformer,  1200V/120V,  37.5  kva , Serial  No.  53360A.  The 
objective  was  to  determine  its  open-circuit  parameters.  Several  problems 
were  encountered.  Problems  with  the  voltage  measurement  techniques 
(discussed  previously  in  the  Voltage  Measurement  of  the  INSTRUMENTATION 
section)  necessitated  modification  of  the  circuit  hookup  from  that 
indicated  in  Figure  1 to  that  shown  in  Figure  3,  as  voltage  measurements 
would  have  to  use  shunt  capacitance  and  electromagnetic  coupling.  Also, 
the  proposed  techniques  of  obtaining  open  circuits  by  using  resonant 
tank  circuits  as  illustrated  in  Figure  2 could  no  longer  be  used,  because 
there  was  no  valid  method  of  measuring  voltages  with  these  configurations. 
Tank  circuits  also  appeared  to  introduce  harmonic  interference  to  the 
system  which  increased  the  noise  level,  making  consistent,  accurate 
measurements  difficult. 

The  complete  detailed  diagram  of  the  instrumentation  is  shown  in 
Figure  13.  Using  this  new  setup,  measurement  of  the  z-parameters  were 
once  again  attempted.  Great  difficulty  was  encountered  in  nulling  the 
current  to  obtain  the  artificial  open  circuit.  With  no  60-Hz  AC  applied, 
it  was  fairly  simple  to  null  the  current  to  where  the  detected  voltage 
V(  was  a few  microvolts  (measured  by  the  wave  analyzer).  However,  with 
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bO-Hz  AC  applied,  the  system  harmonics  and  sporadic  noise  only  allowed 
nulls  in  the  range  of  20  to  100  pV.  These  readings  were  often  oscillating 
erratically;  as  a result,  nulls  were  often  guessed  at  — again  making  it 
very  difficult  to  obtain  consistent,  duplicatable  data. 

Another  problem  encountered  was  that  the  currents  to  be  measured 
were  minuscule;  and  sporadic  noise  and  harmonics  played  havoc  with  the 
readings.  in  retrospect,  these  very  small  currents  could  have  been 
predicted  from  evaluation  of  the  equivalent  circuit  of  a transformer 
shown  in  Figure  14.  Considering  the  case  of  an  open  circuit  in  the 
secondary,  we  have  and  I -»0.  The  input  current  1^,  then,  is  equal 

to  I , or  the  magnetizing  current.  For  a typical  transformer,  X and 

m (p 

R are  very  large  (much  larger  than  X,  or  R , respectively),  which 
<P  11 

severely  limits  current  flow  in  the  transformer  should  an  open  circuit 
occur  in  either  the  primary  or  secondary.  At  high  frequencies,  Xt  would 
even  more  severely  decrease  the  current,  as  its  impedance  is  directly 
proportional  to  frequency. 

These  difficulties  prevented  the  collection  of  any  cogent  data  from 
open-circuit  tests.  However,  as  noted  previously,  the  HP  wave  analyzer 
has  the  capability  of  measuring  amplitudes  less  than  0.1  pV,  which 
should  be  adequate  for  measuring  the  minuscule  currents.  To  verify  the 
validity  of  the  artificial  open-circuit  test  and  to  show  that  it  was  the 
harmonics  and  noise  in  the  power  system  that  prevented  the  achievement 
of  reliable  data,  an  additional  experiment  was  conducted. 

A capacitor  was  used  in  place  of  the  two-port  network,  and  a low 
pass  filter  was  used  at  the  input.  The  low  pass  filter  would  block  much 
of  the  high  frequency  harmonics  and  noise  of  the  AC  power  system,  allowing 
easier  detection  of  the  injected  high  frequency  signals.  The  results  of 
the  tests  with  60-Hz  AC  applied  to  the  capacitor  correlated  well  with 
theoretically  calculated  values.  As  expected, 
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The  impract icality  of  using  filters  on  all  power  elements,  therefore, 
prevents  using  artificial  open  circuits  in  determining  z-parameters . 

Thus  z-parameter  measurements  were  discontinued,  and  methods  of  measuring 
y-parameters  were  undertaken. 


y-Paramet ers 


The  experimental  setup  for  measuring  the  y-parameters  is  the  same 
one  as  that  used  in  the  z-parameter  measurements,  illustrated  in  Figure 
13.  Initial  indications  were  that  the  substantially  larger  currents 
would  facilitate  measurements  of  voltages  and  currents.  The  value  of 
the  shunt  capacitances  for  voltage  measurement  was  picked  so  that  the 
detected  voltage  can  be  easily  measured  by  the  wave  analyzer.  Adjust- 
ments of  the  phase  and  amplitudes  of  the  injected  high  frequency  signals 
produced  a distinct  minimum  in  the  measurement  of  or  V,-,.  This  minimum 
corresponds  to  or  V,;  being  approximately  zero;  that  is,  a short 
circuit  occurs  across  one  of  the  ports.  These  indications  were  very 
promising  in  view  of  the  difficulties  encountered  in  z-parameter  mea- 
surements. 

The  y-parameters  were  first  measured  using  conventional  means.  The 
loads  were  disconnected,  and  each  port  was  short-circuited  in  turn. 
Measurements  were  made  using  voltmeters  and  ammeters.  This  data  proved 
to  be  consistent  and  was  used  as  the  reference;  that  is,  measurements 
using  electromagnetic  coupling  would  have  to  provide  similar  results  to 
prove  that  the  methods  work. 

Next,  measurements  were  done  using  electromagnetic  coupling:  first 

without  60-Hz  AC  applied  then  with  60-Hz  AC  applied.  The  results  of 
these  measurements  all  correlated,  as  indicated  by  the  graphs  in  Figure  15, 
which  compares  the  results  of  the  three  tests. 

The  results  show  that  Y^7(jio)  and  Y?j(ju)  are  approximately  equal, 
as  would  be  expected  in  a linear,  reciprocal  network  like  a transformer. 

Y i £ ( i *')  is  10  times  larger  than  Y^fjto),  and  Y , , ( j a)  is  a hundred  times 
larger  than  Yjj(jm).  These  findings  too  are  consistent  with  expected 
resu Its. 
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They  can  be  verified  by  the  following  derivations. 
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The  admittances  are  plotted  on  log-log  paper  in  Figure  16.  This 

result  seems  to  indicate  a purely  inductive  circuit.  This  result  is  not 

surprising  if  we  consider  the  equivalent  circuit  for  the  transformer  in 

Figure  14  under  short-circuit  load  conditions;  that  is,  = 0.  The 

circuit  is  simplified  by  considering  the  following  conditions.  In 

2 2 

general,  R.  is  much  greater  than  a R,,  and  X,  is  much  greater  than  a X„. 

>}>  2 <J>  ° 2 2 

Ignoring  R and  X then,  gives  a series  R L circuit,  with  (R  + a R?)  as 

Q V 2 1 - 

the  resistance,  and  (X  + a X.;)  as  the  total  reactance.  For  a trans- 
former, we  expect 

| (Xj_  + a2X2)  | »>  | (Rj  + a2R2)  | 

so  the  transformer  would  appear  like  a pure  inductance  in  the  short- 
circuit  tests.  This  hypothesis  is  borne  out  by  the  data  of  short- 
circuit  tests  and  by  the  y-parameters  plotted  in  Figure  16.  The  data 
also  indicate  that  the  approximation  of  the  transformer  as  a pure  induc- 
tance is  valid  even  at  60  Hz.  The  results  in  the  high  frequency  range 
can  then  be  extrapolated  to  give  the  results  for  operation  at  60  Hz. 

The  impedance  parameters  can  be  calculated  from  the  y-parameters. 
For  a two-port  network,  Equation  5 can  be  written 
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CONCLUSIONS 

In  the  electromagnetic  coupling  measurements  performed  by  CEL, 
solid  ferromagnetic  transformer  cores  were  used.  This  proved  to  be 
satisfactory  for  laboratory  use  but  would  not  be  practical  for  field  use 
because  power  lines  would  have  to  be  disconnected  to  pass  them  through 
the  cores.  For  field  operations,  clamp-on  devices  such  as  those  shown 
in  Figure  17  could  be  used.  This  would  allow  setup  of  the  measurement 
instruments  without  de-energizing  the  power  element. 

Electromagnetic-coupling  measurement  techniques  and  high  frequency 
injection  can  be  used  to  determine  the  circuit  parameters  of  a power 
element  while  it  is  operating  on-line  at  60  Hz.  This  provides  the 
tremendous  advantage  of  minimizing  the  equipment  downtime  for  periodic 
maintenance,  by  allowing  such  standard  tests  as  open-  and  short-circuit 
tests  to  be  run  without  disrupting  the  power  supply  or  loads. 

The  techniques  described  in  the  measurement  on  a two-port  network 
can  be  generalized  to  any  multiport  network.  Thus,  measurements  need 
not  be  restricted  to  single  power  elements,  and  entire  electrical  systems 
mav  be  measured  and  characterized. 

After  the  impedances  or  admittances  of  a network  have  been  charac- 
terized, a linear  mathematical  model  may  be  synthesized.  This  model  can 
then  be  used  on  an  analog  computer  to  simulate  responses  and  operation 
of  the  network.  In  this  manner,  entire  electrical  power  systems  can  In1 
simulated  and  analyzed  for  effects  of  load  or  system  changes  or  for 
responses  to  transients. 
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This  method  of  measuring  can  readily  be  adapted  for  continuous 
monitoring  of  power  elements  or  systems.  Since  there  is  essentially  no 
effect  on  the  system  or  loads,  circuit  parameters  can  be  monitored 
continuously  to  provide  immediate  indication  of  faults  in  the  power 
elements . 
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Figure  3 


v, 


. Simplified  circuit  diagram  for  short-circuit  simulation 


ferromagnetic  core 


Figure  4.  Electromagnetic  coupling  technique. 
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(a)  Phase-shift  network  and  voltage  relationships 


(b)  Phasor  diagram  showing  relationship  of 

V.  and  V for  some  value  of  R. 
in  o 

Figure  12.  Phase-shift  network. 
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Admittance  versus  frequency. 


oihU'I 


mSTKIlil  TION  LIST 


Al  H Mill  loch  I ih  Slop  21.  Kndall  I I . AH  II  \R . I \ ndall  11.(1  S(  II.  AA  right  I’attet  son.  HQ  l.iclic.il  An 
C mil  I R I I I she  i I.  I angle!  Al  H A A.  S A MSI ) HI  II.  Norton  \l  II  l A . Still  lo  1 .thrall . Ol  lull  \l 
AKA1A  WISI  I (III  1 1).  I oil  Alonniouth  NJ.  HM  DSC  Kl  HI  McClellan.  Hitntsiillc  Al  . DAIN-CAAI  Mil  ll  D 
Hinningl.  AAashmglon  IH  . DAI  N I 1 l . AA  ashingion  IH  . leeh  Kef.  Do  ..  I on  lliiaeluiea.  \/ 

AKAIA  H \l  I IS  I If  KS(  ||  | MIS  \M\HK  \A-1  H.  Ahenleen  I’roving  Ciround  Ml) 

AKAIA  (OKI’S  til  I N( IK  Seattle  Dtst.  I ihrari.  Seattle  AA  A 

\SS  1 SI  ( Kl  I AKA  (II  1111  N AA  A Spec.  Assist  I nergi  ll’  AAatermanl,  V*  ashingion  IX 
III  Ml  IX  ode  41  1 t(  DK  Nichols) 

HI  Kl  M (II  Kl  ( I AM  A MON  Code  1512  (C  . Selunder)  Denver  l'<) 

\l(  II  I NS  S.D.  Keisling.  Ou.ulhco  A \ 

(((Mill  \(  I I’AA  ( I.  ( Ikinau  ;t  Japan 

C OMN  A A MARIAN  AS  ( ode  N4.  (itiaitt 

IH  I I NSI  IHK  l Ml  N 1 A I ION  ( IK  Alevuulna.  V \ 

Dl  NSKIH  ( Olio  4:.  Hethesila  Ml) 

I Nl  KOI  KM)  ADMIN  Dl  A aiulem  n.  AA  ushmgton  l)( 

I IK  I IMH  \ I DIKsA  S I RAC  INI  \N  I I’AAO.  \ nginin  licit  \ \ 

KAA  A.I  \l  I IN  MISK  \ N II M DSC  KK1  ( 

NUI  \(  I N(.(  OM  I AN  I l)l\  I III  UK  IVpuO  Dn  . Naples  Halt 

M AKIN  I ('OKI’S  HAS  I ■'  C oile  44-2MI,  C amp  I eieune  N(  . Al  .A.  R Dn  tsioti,  ( amp  I ejeiine  N(  Alamt  i )l  lice.  ( amp 

I’eiulleton  ( A.  I*AA().  ( amp  S.  I)  llallei . Kawasaki  Japan 
Al  AKINI  ( OKI’S  IIQS  ( oilc  III:.  AAushmgtnn  IH 

Ale  AS  ( oilc  I’AA  I , Kaneohe  Hal  III.  ( oilc  S4.  Qiiamica  A A.  I’AA  1).  Dir.  Maine  ( onttol  Do  . Iwakimt  Japan.  I’AA  ( i 
I’AA  ( I.  A mna  AS 

Al(  II  llase  Alamt.  (Hit.  Qualities' A A 

AH  Kl)  I’AA  ( I . San  Diego  C a 

N.AIH  ode  (II  1111.  Haw  thorite  NA  . I ngt . Dn 

N AS  1’AA  ()..  Alol fell  I telil  ( A.  K(  >l(  ( Oil  t.l.  Sheppard I.  I’otnl  Mugu  C A.S(I  Itaihei  s I’omt  1 1 1 
NAII’AK  AC  III  11  II  S I K AN  I’AA  I ngt.  I I ( etllro  ( A 

N A A ( OAI  Al  AKI  AAIS  I KS  I A ( ode  AA  <>t(’.  Honolulu.  AA  ahiawa  III  f’AA  O.  AA  ultima  III 

N A A ( OAIAIS1  A I’AA  ( ) . Adah  AK 

N AA  I At  I N(l(  OAI  ( ode  20 14  t Ah  laailtl.  I’earl  Harhor  III 

VAA  Kl  (All  IH  I N SC  I ll  C DR  H I I hiirsionl.  San  Diego  ( A.  S(  I . Citium 

VAA  SC  Ol  ( I t Oi  l ( I' 

N AA  SI  C < i K l A(  I I’AA  (>.  I oil i Stu.  Okinawa 

N AASHII’A  !)(  ode  400.  I’uget  Sound,  ( ode  410.  Mare  Is,,  AalletoC  A.  I’AAO.  Marc  Is..  I’AAO.  I’uget  Souml.  S(  I 
I’eurl  llarhoi  III 

N AASI  A I’AA  Dll  Kosst.  Al  ulwai  Islattil.  I’AA  O.  S(  I . Stilt  Diego  ( A . SC  I . Suhie  Hat . K I’ 

NAASl  |’|’A(  I (O.  Seattle  AA  A.  ( ode  4.  I : Alai  me  ( ot  ps  Dot.  I leasure  Is  . San  I i aiteiseo  ( A 

N AD  I’AA  I)  Nat  Rest  . Algt  I oteslei . Ale Alestet  OK 
N Al  I’AA  ( ) Sigonclla  Steth 

NAS  Asst  ( S ( I . ( ode  HO.  Jaeksomille  II  . C ode  70.  Atlanta . Alunetla  ( i A . Du . ltd.  Do  . Heimuda.  I’AA  ( C oile 
40  i(  Kolton).  I’AA  |t  Alamt  Do  . New  Orleans.  Helle  C Itasse  I A.  I’AA  D.  AA  tllow  Citoee  I’A.  I’AA  O.  I’AA  O.  I’AA  O 

( Itase  I aelil,  I’AA  O AA  luting  Nil.  Al  tlti'ii  I I . I’AA  O.  Kell.o  ik  Iceland.  I’AA  ( ).  Kingsville  IV  I’AA  t ).  Al  ill  melon  IN.  K 

Kittle.  S(  I I ant  I leet 
N A I N AA  All  IH  I N I’AA  O 

N AA  Al  I A(  II  IIA  I’AA  O.  ( ape  llatteras.  Kioton  N(  . I’AA  ().(  enterv  ille  Hell.  I ernd.de  ( A.  I’AA  O,  ( iuant.  I’AA  O 
I ewes  Dl 

N A A ( ( I AS  I s A si  AH  ( oile  42  J 1 1)  ( looilt.  I ’a  llama  ( it\  I I . ( ode  "10  s ll  (,)un  k t.  I ihral  > 

N AA  ( OAIAIS  I A ( II  ll> 1 1 I I’AAO.  Halhou  ( anal  /one 
N AA  ( IlMAIl  Nil  ( til  lei  I Maehias  Ml  tl’AAC.en  loti 

N A A I At  I N(  .1  OAI  ( ode  04  OH  ( ode  04M  ( ode  0410.  ( ode  101 . ( ode  102  |C  DK  Dellh.il  ill.  ( ode  102  < (Al  ( an  i 

( ode  104 

NAAI  A(  I NIiOtAI  I’M  DIA  l oik-  402  KDI .VI  I’c.u I Hathw  HI . C ommatideis 

N AA  I At  I N(,(  I INI  sol  I II  DIA  ( ode  ’>o  KDI  M I O.  ( hat  lesion  S(  . Du  New  ( )t  leans  I A 

N AA  111  INI*  I I K I Ishet  ml,  I’nerlo  Kim 
N AA  OKIIS  | A I’AA  II  I omsi  ill.  KA 


II 


V\\  RADRI  ( I \C  PVV  ().  kiiiin  Sesa  Japan 
\ \\  HI  (.Ml  l)(  I \ PWO.  I'WO  Newport  Rl 
N\\SK(.Rl  VC  I l»\\().  I d/ell  Scotland.  PWO.  Puerto  Rico 

VVVSHIPVDC  ode  440  Norfolk.  ( »hJc  450.  ( har  lesion  S(  . I ihrars  . Pt»i  is  mouth  Nil.  I’WO 

\ \\  s I \ (0(0.  I ngi  Du  . . Rot.i  Spain.  Maint.  ( out.  I>n  . (iuantanamo  Bas  ( uha.  PW  < ).  Puerto  Rico.  K(  )l(  ( 

Rota  Spain 

\ \\  Si  PPAC  I Maint.  Dis  Dir  ( ode  541 . Rodman  ( anal  /one.  Plan  I ngr  Dis  Naples  Itals 
\ \\  VV  PNC  I N PW  ( ) <(  ode  70).  ( hma  I ake  ( A 

\ \\  \\  P\S  I \ Maint  ( ontrol  Du  . V orktoss  n \ A.  PVV  ( ) 

N AS  1 i >.  I iuantanamo  Bus  C uba.  (‘ode  1 14.  Alameda  ( V Code  1X700.  Brunswick  M I ( ode  INI  ilNSPJ  Hicke\r 
C orpus  C hristi  IV  PVVDtl  IVV.U  Righs ).  (iuantanamo  Bas  ( uha.  PVVDlM.B  I refill  i.  Dallas  IX.  PVV  I). 
Maintenance  ( ontrol  Du..  Bermuda 
\\ll  Rl  SI  VRC  H ( Ol  N(  II  Nasal  Studies  Board.  Washington  IX 
N \\  VC  l PWo.  I ondon  l K 

N \\  \V  IONIC  I AC  PW  I)  Deputs  Dir.  D/701.  Indianapolis.  IN 
N \\  BASI  ( ode  III  (A  ( astronoso).  Philadelphia  PA 
NWCOMMSI  \ PWO.  Norfolk  V A 

N \\(  ONSIR  \C  I N (Oil  DR  C l Neugenti.  Port  Hueneme.  C V.  C ode  N 41.  Port  Hueneme  < \ 

N \\  I \(  I NC.C  OM  ( III  S DIV  ( ode  101.  ( ode  402  <R  Morons  >.  C ode  405  (H  DeVoe) 

NAVI  AC  I N(iCOM  I V N I DIV  RDUNI  I OOOP2.  Norfolk  V \ 

NAVI  VClNCiCOM  NOR  I II  DIV.  C ().  Code  I02K.  RDIAPI.O.  Philadelphia  PA.  ( ode  I 14  i A Rhoads).  Design 
Dis  iR  Masinot.  Philadelphia  PA.  RolC  C . Contracts.  C lane  IN 
N \\  I VClNCiCOM  WISI  DIV  102.112.  VR<  )IC  C . Contracts.  I svenis  nine  Palms  C A.  VROIC  ( . Point  Mtigu  C V 
( odes  OOP  v.  < >op  20 

N VV  I AC  I NCiC  OM  ( ON  I R VC  IS  Bethesda.  Design  Dis  <R  Posse)  Alexandria  V A . Du . I ng  Dis  . I vmouth. 
Vustralia . |-  ng  Dis  du  . Soulhssest  Pac.  PI.  ( )IC  C R(  > 1C  C . Balboa  C anal  /one.  ROIC  C .Pacific  San  Bunns  C V 
I RIDI  N I iC  DR  .1  R Jacobsen).  Bremerton  VV  A 98510 
N VV  I ( )R(  VRIB  ( ommander  iN42).  Puerto  Rico 

N VV  VI  VRC  ORI  SI  R VNC  I N OKI  1 1 IXiC  dr  DR  I ass  son).  Denser  C O 
NVVNl  PW  RL  Ml  SI  1)1  l (>l(  . Port  Hueneme  C \ 

N VV  SC  C)|  C I C Ol  I CD.C  ode  ( 44  V 

N V V SHIPS  DC  ( ) Marine  Barracks.  Norfolk.  Portsmouth  V V . ( ode  202  4.  I one  Beach  C V . ( ode  202.5  1 1 i hears ) 
Puget  Sound.  Biemer ton  VV  V.  C ode  4*5  ill  C lements).  Vallejo  ( A.  C ode  455  ( l til  Supi ).  Vallejo  C A.  Code 
Portsmouth  N II . PVV  I)  tC  ode  400).  Phil. idelphia  PA.  PVV  Q 1 1 I N B Hall).  I ong  Beach  C V 
N VV  Si  A l lilitics  I ngi  Of  I 1 1 I JC  i VS  Ritchie).  Rota  Spain 
N VV  SI  B VSI  SC  I . Pearl  Harboi  III 

N VV  SI  PPAC  I VROIC  C 1 1 I R Ci  Mocker).  Naples  Itals . CO.  Brookls  n N V 
N VV  I R VI  Ol  I PC  I N Icchmcal  I ihrars.  Orlando  H 
N VV  VV  PNC  I N ROIC  C (C  ode  702).  C hma  I ake  C A 

NVVWPNSl  V Code  0‘>2  ViC  I redericksi  Seal  Beach  C A I N S C i A I ossi  s . I allhrook  C A 
N VV  VV  PN SI  PPC  I N PVV  C) 

Ni  B(  (II  iC  DR  N VV  Peteisen).  Port  Hueneme.  ( V C ode  10.  PVV  I ngrg.  (iulfport  MS.  PW  O (C  ode  SO).  PWO 
I >as  iss  die  R I 

N(  B l 41  I OlC  Norfolk  V V 
NC  BC  ( ode  400.  (iulfpoit  MS 
N(  R 2o.  c omm.indn 

N|  | ( ( otic  0"*00  SC  | i(  ode  C*C»00).  Sail  Diegi>(  V 

N\|<  B ' ( >pei ations  Dept  I oils  C ( ) I HRI  I ( tperalions  ( )ff 

NRolc  l l ms  ( idoi  ado  1 1 I I)  R Burns).  Bouldei  C ( ) 

NSC  I W s line  Noifolk  V V 
NIC  ( ommander  St  I 

o(  I VNSVSI  VNI  | | V K C.iaiKola  Norfolk  V V 

( )l  I lc  I SlcRIIVKVof  DM  I N Si  c ) VSI)  i l*VI  ) Pentagon  i I ( asherg ).  VV  ashingion  I >< 

PM  I c P t c ounsel  Point  MuguC  V 

PVV  C I Ns  l | Sin  ash  Peal  I M.u hoi  HI  Vt  I ( >tfu  e 1 1 1 .11  • Si  C »ei  main ).  ( ode  I lo  1 1 N S V I ckhart ).  < ode  120. 
Oakland  C V < ode  I 20C  i V Vdanisi  C »kIc  2(H)  (neat  I ikes  II  ( ode  2oo.  Oakland  ( V C ode  220  ( ode  <0VV  (H 
VI  heelen.  OK  ( Bl  40<  S.mDiegoC  V \n 
spec  PW()iCode  I 20  *V  I 22B  i \K\  hanushuig  P V 

Si  B VSI  Nl  VV  l ONDON  I NS  S Dosv  Oiotoii  cl  I IK.D  W Peck  Cuoton  C 1 


Yl 


l S(  ( . tl(.>  (Cil  ( S ' ! . SS  ashinglon  IX 
l S(  ( , St  \m  Ml  I I \ Stramandi.  New  I ondon  ( I 
l sS  \ ( h Mech  I ngi . Depl.  PSSDlngr.  Dm  (C  Bradford) 

VSPNS1  S I \KI  I l ode  <!'>:.  tolls  Neck  NJ 

( ( H I lk\|M  l S 1 A 1 1 IM\  KOOIIIII1  ( AMPl  S Pngr  Sci.  Branch,  lib..  Ion  Collins  CO 
(oRSIll  IMMKSm  Ithaca  SS  l Serials  Depl.  I ngr  l.ih.l 
D.VMI  S \ MOIIKI  I I UK  SKS  I OS  ASCII  I S.  ( A 

I SI  Kt • A RA.D  SDMIS  l)i.  Cohen 

II  l IN(  US  S I A 1 1 Ol  o SI  Kill  l rhana  II 

I I llltill  l SIS  I RSI  IS  Belhlehem  PS  il  inderntun  l ib  So. XI.  I lecksieinei ) 
l | H K \ K A ill  ( ONOR I SS  SS  SSHINOION.  IX  I SC  II  Nt  IS  1 1C  H 1)1  V I 
\|  SRS  I SSI)  I SI  KOS  I*(ll  1C  S Oil  BA  I IISIORI  . Ml)  ( MC  OUC  kl  Si 

MASSAC  III  SI  IISISSI  (il  IICHNOIOOS  Cambridge  MAlKni  1 0-50(1.  lech  Reports,  Pngr.  I il'.l.  Cambridge 
M S i Km  14  I :ill.  leeh  Report  I Ih.l 
M ( 111  CUMMl  Ml)  CHI  I Kit  BROOKI  YN.NYtllBRARYl 
I'l  Rl)l  | l SIS  I RSI  I S I \l  AS  I III  . IS  1C  I I IB  I 

l S I \ I RSI  I S ol  ( SI  II  ORNIA  Bl  Rkl  1 I S . ( A (OH  Bl  S AND  I 1N  ANC  I . SAl'NDI  RSl.  Berkeley  ( All 

Pearson  I 

I SIS  I RSI  IS  Ol  1)11  ASS  SRI  Newark.  1)1  (Depl  of  ( ml  engineering.  Chesson) 

l SIS  I RSI  I S Ol  III  ISOIS  l RBASA.  II  il  IBRARS  I 

l SIS  I Rsl  I S Ol  SI  ASS  At  M l SI  I I S I Heronemus).  Ambers!  MS  Cl  Depl 

l SIS  I RSI  IS  Ol  SI  BR  ASK  SI  ISC  Ol  S I INC  (US.  SI  tSPI  I-  I I STOP  SSI-'Rl 

l SIS  I RSI  I S Ol  USAS  Insi  Marina  Sei  ll.ibrars  I.  Port  Aransas  IX 

l SIS  I RSI  IS  Ol  SSISCOSSIS  Milwaukee  SSI  it'll  of  Great  lakes  Studies) 

l RS  R I SI  SRC  II  C O I IBRARS  SAN  SI  A III).  C A 

l s 1)1  PI  ol  (OSISII  R(  I SOAA.  Paeifie  Marine  C enter.  . Seattle  SS  A 

Bl  ( II  I I I (( IRP  s SS  I R SSt  ISC  ().  ( A I PH  I I PSi 

Dl  Rl  SC  II.  O NI  SI  . JI  N kINS  \ ASSOC  Columbia  SC 

Sl(  IX  ISSN  S I R ( RSI  It  O.  Depl  501  iR.H  P as  man).  Si  I ouis  MO 

0(1  SS  l)  S I A SS  S 1 1 SIS.  ISC  SAN  DIPGO.  t A (SNODGRASS) 

Mil  I I |)l  SI  I OPSII  SI  CO.  HOI'S  IDS..  I X I I I 1 I SI 

SSISIISCiHOl  SI  II  It  IRK  CORP  Annapolis  MDlOeeanie  Dis  I ib.  Brsanl 
SSIss  I SSSI  S . I I SI  SI  R.  \ SSSOC  Norlhbrook.il  (J.  Hanson) 

SS  ooDSS  SRD  ( I S Dl  ( OS  Si  I I SS  I S PI  S Slot  I II  SI  I I I I NO  PA  It  ROSS.  Ill  I 
BRS  SSI  Rosl  Johnson  Die  l OP.  (ilendora  ( A 
I SS  S|  | RSI  I I Washington  DC 


3 i 


